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A Novel Piggybac Transposon Inducible Expression
System Identifies a Role for Akt Signalling in Primordial
Germ Cell Migration
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Abstract
In this work, we describe a single piggyBac transposon system containing both a tet-activator and a doxycycline-inducible
expression cassette. We demonstrate that a gene product can be conditionally expressed from the integrated transposon
and a second gene can be simultaneously targeted by a short hairpin RNA contained within the transposon, both in vivo
and in mammalian and avian cell lines. We applied this system to stably modify chicken primordial germ cell (PGC) lines in
vitro and induce a reporter gene at specific developmental stages after injection of the transposon-modified germ cells into
chicken embryos. We used this vector to express a constitutively-active AKT molecule during PGC migration to the forming
gonad. We found that PGC migration was retarded and cells could not colonise the forming gonad. Correct levels of AKT
activation are thus essential for germ cell migration during early embryonic development.
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Introduction
Regulated control of gene expression in animal species has been
achieved in many biological model organisms from mouse to
Drosophila using inducible expression vectors [1,2]. The tetracycline
(tet)-regulated expression system consists of a vector carrying the
tet responsive activator protein (TA) and a separate vector
carrying a tet-responsive element (TRE) regulated promoter and
the gene product to be expressed. Addition or withdrawal of the
antibiotic tet, or its derivatives, can either activate (Tet-on) or
inhibit (Tet-off) transgene expression depending on the modifica-
tions to the TA protein [3]. Regulated gene knockdown using
short hairpin RNA molecules (shRNAs), expressed by the Tet-on
system has been demonstrated in vitro and in transgenic animals
[4–8] Regulated gene expression for gene silencing is often optimal
to avoid deleterious effects of knocking down essential genes for
cell survival and early embryonic development, and for expressing
proteins involved in cell growth and survival [9]. Recently, both
lentiviral and plasmid vector systems containing both the TA and
Tet-on transgenes have been developed [10,11].
The piggyBac DNA transposon vector has been shown to be a
highly efficient, non-viral system for transgene insertion into both
chicken and mammalian cells [12–16]. PiggyBac-based vectors
containing inducible tet-responsive transgenes have also been used
for regulated generation of induced pluripotent cells and to modify
gene expression in cells and transgenic animals [17–21].
In this study, we present a novel piggyBac vector carrying both
a constitutively-expressed TA and a Tet-on inducible transgene.
The integrated vector conditionally expresses a gene product
whilst concomitantly reducing the expression of a second gene
targeted by a shRNA molecule. We show that a piggyBac vector
carrying a Tet-on inducible transgene can be stably integrated into
mouse ES cells and chicken cell lines. We demonstrate that
expression of a reporter gene is tightly regulated and endogenous
gene expression can be reduced in vitro and in vivo upon the
addition of doxycycline (dox). We used this system to modify the
AKT signalling pathway in migratory chicken primordial germ
cells (PGCs). PGCs are the precursors of the germ cell lineage that
differentiate into the gametes in the adult. Early migratory PGCs
can be cultured in vitro [22,23] and are efficiently genetically-
modified using piggyBac vectors [16]. Transposition efficiencies of
10.5% were obtained using piggyBac transposons [16]. We show
that transgene expression can be induced in piggyBac-modified
PGCs at various developmental stages including adult testes and in
embryos developed after fertilisation by sperm derived from the
modified PGCs. We used the piggyBac vector to express
conditionally a constitutively active AKT molecule in migratory
PGCs. AKT, a serine/threonine kinase, is implicated in germ cell
survival and migration. We find that AKT signalling is critical for
germ cell migration to the forming gonad.
Materials and Methods
Vector constructs
The transactivator, rtTA3, was isolated from pSLIK-NEO-
TGmiRLuc [10] using EcoRI and subcloned into PB-CGIP [16]
digested with EcoRI to replace the GFP gene to produce PB-CTA-
IP. A TRE-Tight promoter was isolated from pEN-TTMCS [10]
using SalI, cloned into XhoI to produce PB-CTA-IP-TRE. To
construct PB Tet-On GFP, a TRE-Tight promoter driving GFP
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(TRE-GFP) was isolated from pEN-TTGmiRc2 using SalI, and
subcloned into the XhoI site of PB-CTA-IP. A shuttle vector was
used to transfer shRNAs and cDNAs into PB-CTA-IP-TRE. A
fragment containing shGFP surrounded by chicken miR flanking
regions was isolated from pRFPRNAiGFP [24] using KpnI/SpeI
and cloned into pGEM-T Easy digested with MluI/NcoI. The
rabbit b-globin polyA was subcloned 39 of the shGFP using SalI.
An Apple fluorescent protein cDNA [25] was cloned 59of the
shGFP hairpin knockdown construct using EagI. The Apple
shGFP polyA fragment was excised with AgeI/MluI and subcloned
into PB-CTA-IP-TRE, downstream of the TRE promoter at a
PacI site, to generate PB Tet-On Apple shGFP. A myristolated
AKT molecule [26] was cloned into the pGEM T-Easy vector
containing the rabbit b-globin polyA. The AKT polyA fragment
was cut with AgeI/MluI and cloned into the PacI site of PB-CTA-
IP-TRE to produce PB Tet-On AKT. A piggyBac vector driving a
cherry reporter gene was made by cloning monomeric Cherry [27]
using EcoRI/BamHI into the EcoRI site of PB-CGIP, replacing the
GFP gene.
Cell Culture
PGCs were cultured on a monolayer of irradiated STO cells in
knockout Dulbecco’s modified Eagle’s medium (Life Technologies)
containing 12.5% BRL conditioned medium, 7.5% foetal bovine
serum (FBS) ES cell grade (PAA Laboratories), 2.5% chicken
serum (Biosera), 16 EmbryoMax nucleosides (Millipore), 16
glutamax (Life Technologies), 16 NEAA (Life Technologies),
0.1 mM b-mercaptoethanol (Life Technologies), 0.2 mM sodium
pyruvate (Life Technologies) and 16penicillin/streptomycin (P/S)
(Sigma). PGCs for injection into embryos for generation of
hatched birds were cultured in a modified basal medium with
reduced serum conditions.
GFP+ chick embryo fibroblasts (CEFs) were isolated from
day 10 ‘Roslin Green’ chicken embryos [28]. Embryos were
dissected and macerated using surgical scissors before being passed
through a 50 ml syringe with fine gauge needle. The CEFs were
cultured in DMEM containing 10% FBS (Biosera), 16Glutamax
(Life Technologies) and 16P/S (Sigma). Mouse ES cells (mESCs,
Bruce4) were cultured in DMEM with 16 Glutamax (Life
Technologies), 10% FBS gold (PAA Laboratories), 0.1 mM b-
mercaptoethanol (Life Technologies), 0.1 mMMEM non-essential
amino acids (Life Technologies), 1% P/S (Sigma) supplemented
with 1000 U/mL human LIF (Millipore).
Cell transfection and induction
The piggyBac vectors were co-transfected with the piggyBac
transposase Cyc43 or Hybase. [16,29]. The original piggyBac
vectors were obtained from the Wellcome Trust Sanger Institute
(Hinxton, United Kingdom). DNA was transfected at a 2 mg:2 mg
transposon:transposase ratio in all cell types. Approximately
100,000 PGCs were transfected, using DMRIE-C (Life Technol-
ogies) and Fugene-HD and Lipofectamine 2000 (Life Technolo-
gies) were used to transfect CEFs and mESCs, respectively.
One week post transfection, cells were selected with puromycin
(Sigma). For expression assays, cells were induced with doxycycline
hyclate (Sigma) at a final concentration of 1 mg/ml.
Western blot
PGCs were collected and resuspended in PBS containing a
complete protease inhibitor cocktail tablet (Roche), disrupted with
a handheld homogeniser, followed by 3630s of sonication. 10 mg
of protein extract was separated on a 12% NuPage Bi-Tris gel (Life
Technologies) and semi dry-transferred to ECL membrane
(Amersham). Membranes were blocked in 5% milk/Tris-Buffered
Saline Tween-20 (TBST) and incubated overnight with primary
antibodies; anti-rabbit phospho-AKT (Ser473) XP, 1:1000 (Cell
Signalling) or anti-mouse c-tubulin, 1:2500 (Sigma) in 5% BSA/
TBST. After several TBST washes, blots were incubated with
HRP conjugated secondary antibodies, anti-rabbit immunoglob-
ulins (Dako) or anti-mouse immunoglobulins (Dako), in 5% milk/
TBST for 1hr at room temperature followed by washing in TBST.
Blots were detected using Novex ECL chemiluminescent substrate
reagent kit (Life Technologies) and exposed to Hyperfilm ECL
(Amersham).
Embryo electroporation
A DNA solution of 1 mg/ml PB CAG Tet-On shGFP and 1 mg/
ml PB CAG:Hybase diluted in PBS with fast green dye, was
Figure 1. Schematic of the piggyBac ‘Tet-On’ vectors. The PB Tet-On vectors contain a CAG enhancer/promoter that drives the expression of a
3rd generation reverse tetracycline transactivator (rtTA3) coupled to an IRES and puromycin resistance gene. Immediately downstream is a minimal
tetracycline response element (TRE) promoter that drives: (A) Apple fluorescent protein gene containing a short hairpin (hp) RNA in the 39 UTR
against the GFP gene (B) the GFP gene (C) a constitutively active form of the human AKT gene. EN= Enhancer, IR = Inverted Repeat, IRES = Internal
Ribosome Entry Site, PA=polyA tail, Puro=puromycin resistance gene.
doi:10.1371/journal.pone.0077222.g001
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injected into the neural tube of stage 16HH [30] embryos in
windowed eggs. Using microelectrodes, embryos were electropo-
rated at 25 V, 50 ms intervals, 6 pulses. After electroporation, eggs
were resealed and the embryos incubated for seven days. On
day seven, eggs were injected with 1 ml of doxycycline (0.1 mg/ml
dissolved in Hank’s Balanced Salt Solution and then every 48 hrs
for a further 7 days. At day 16 of incubation, embryos were
isolated and the spinal cord was dissected, fixed in 4% PFA and
embedded for cryosectioning.
PGC transplantations into host embryos and semen
screening
GFP+ PGCs stably modified with PB Tet-On Apple shGFP
were injected into the dorsal aorta of stage HH16 embryos. Donor
embryos were transferred into phase III host shells as previously
described in [31]. Chicks were raised to sexual maturity and semen
from founder males was screened for the apple transgene.
Figure 2. Induced transposon expression in mouse ES cells, CEFs, and embryos. (A) Mouse ES cells stably transfected with PB Tet-On Apple
shGFP and treated with dox for 72 hours. (B) GFP+ CEFs stably transduced with PB Tet-On Apple shGFP and treated with dox for seven days. In Apple+
cells, GFP expression was visually reduced. (C) Flow cytometry confirmed that GFP fluorescence was significantly lower in Apple+ cells, * p,0.05. (D)
PB Tet-On Apple shGFP was electroporated into the neural tube of stage 14HH GFP+ embryos. Seven days post-electroporation, the embryos were
treated with dox for seven days. After dissection, Apple protein is visible in the electroporated section of the spinal cord in embryos treated with dox.
(E) Confocal microscopy of a transverse section revealed Apple+ neurons with reduced GFP fluorescence. L = left, R = right. Scale bars: A, B = 50 mm,
D middle = 1 mm, D right = 100 mm, E = 200 mm.
doi:10.1371/journal.pone.0077222.g002
Figure 3. Reporter gene induction in PGCs in vitro and in ovo. (A) GFP+ PGCs stably transfected with PB Tet-On TRE Apple shGFP were treated
with dox for seven days. (B) GFP expression was significantly lower in Apple+ cells by flow cytometry, * p,0.05. PGCs stably transfected with PB Tet-
On TRE GFP were injected into donor HH16 embryos. (C) GFP expression was visible in the gonads of dox-treated embryos 72 hrs post injection
(stage 28 HH). Scale bars: A = 50 mm, B= 1 mm.
doi:10.1371/journal.pone.0077222.g003
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PCR screening for the apple transgene and Southern blot
analysis
Semen and offspring were screened for transgene presence
through semi-quantitative PCR as described in [32]. Briefly, 50 ng
of genomic DNA from semen or animal tissues was amplified using
TA-specific primers (GAGAACGTATGTCGAGGTAGGCG,
CTTCAGCTTAGCGGTCTGAA) or GFP transgene-specific
primers (ACCAGTAGTTAATTTCTGAGACCCTTGTA,
CGAGATCCTACAGTTGGCGCCCGAACAG) and compared
to plasmid PCR controls. Two founder G0 males were crossed
with wild type stock hens and GFP-expressing offspring identified
(see McGrew et al. [33]). For Southern blot analysis 5 mg of
genomic DNA isolated from G1 embryos or cells was digested
overnight using the appropriate restriction enzymes. The DNA
digests were resolved by gel electrophoresis and transferred to
HybondN membrane (GE Healthcare). PB-Tet-On GFP vector
was digested to isolate a 0.6 kb DNA fragment that was then
labeled with [a-32P]dCTP using the DIG High Prime DNA
Labeling and Detection Kit II (Roche) and used to probe the
Southern blot.
All experiments involving animals, animal breeding or animal
care procedures were approved by The Roslin Institute’s animal
ethics committee. Experiments were performed under specific
license from the U.K. Home Office.
Transgene induction in vivo
To induce the expression of the knockdown system in vivo,
transgenic founder animals were given drinking water supple-
mented with Ornicure (Oropharma) for 14 days. For analysis of
adult testes, pieces of testes were dissected and fixed in 4% PFA,
before embedding in gelatine and cryosectioning for use in
confocal analysis.
Apple G1 embryo induction
Laid eggs from stock hens crossed with PB Tet-On Apple
shGFP host cockerels were injected with 0.5 ml of 0.1 mg/ml
doxycycline into the blunt end and sealed with tape. Eggs were
incubated and embryos were dissected and imaged using a
fluorescent stereomicroscope.
Immunohistochemistry and flow cytometry analysis
Cryo-embedded tissue sections were stained with Hoechst
(Sigma), mounted and imaged using either an inverted Nikon
eC1 confocal microscope (Nikon) or Zeiss LSM 720 inverted
confocal microscope (Zeiss). Images were analysed using Nikon
Ez-C1 (Nikon) or Zen software (Zeiss) respectively. CEFS and
PGCs stably transfected with PB Tet-On Apple shGFP were
induced for seven days and analysed using a BD FACSAria II
machine (BD Biosciences).
Statistical analysis
All statistical analysis was performed using Minitab statistical
software. A student’s paired t-test was used to calculate significant
difference between Apple+ and Apple- FACS cell populations. To
compare the migration efficiency of PB Tet-On AKT PGCs, a
student’s t-test was used to calculate the significant difference
between control and dox-treated embryos.
Results
A single vector inducible piggyBac transposon
To produce a single transposon vector containing an inducible
reporter gene we used the ubiquitous promoter, CAG, a hybrid
enhancer/promoter containing the CMV-IE enhancer fused to
the chicken b-actin promoter and first intron [34], to drive
expression of a 3rd generation reverse tetracycline transactivator
protein (rtTA3) [35] followed by an internal ribosome entry site
(IRES) and the puromycin resistance gene (puro). This cassette
provides ubiquitous expression of rtTA3, which binds to the
tetracycline response element (TRE) in the presence of doxycy-
cline (dox), and the puromycin resistance gene to allow the
selection and expansion of stably transfected clones. Downstream
of this cassette we cloned a minimal TRE-tight promoter which
drives gene expression after binding of the rtTA3 protein. The
final construct is a single selectable vector that that can be
transposed into cells, allowing the conditional expression of a gene
product and a shRNA targeting a gene of interest (Fig. 1). In this
work we present three inducible vectors, one driving expression of
green fluorescent protein (GFP), another driving monomeric
Apple (red) fluorescent protein (Apple) expression coupled to a
short hairpin RNA (shRNA) targeting the GFP gene, and a third
vector driving expression of a constitutively active human AKT
gene [26].
Inducible gene expression and GFP knockdown in cell
lines and in ovo electroporated chicken embryos
To demonstrate that the piggyBac vector carrying the tet-
inducible cassette was functional with little background expression
in the absence of dox, PB Tet-On Apple shGFP (Fig. 1A) was co-
transfected with piggyBac transposase into mESCs. Stably
transfected cells were selected with puromycin and subsequently
treated with dox. Apple fluorescence was visible in induced cells
(Fig. 2A). No expression was visible in control mESCs. We next
asked if knockdown of GFP was possible from the integrated
transposon. We transfected the same constructs into chicken
embryonic fibroblasts (CEFs) cultured from GFP+ transgenic
embryos (see Materials and Methods). Transfected cells were
selected with puromycin and subsequently treated with dox to
induce the expression of Apple and the shRNA targeting the GFP
gene. One week after induction, Apple expression was visible in
Figure 4. Reporter gene induction in spermatogonial stem cells
of adult roosters in vivo and in G1 embryos. PGCs stably
transfected with PB Tet-On TRE Apple shGFP were injected into donor
stage16HH embryos, hatched and raised to sexual maturity. After
two weeks of treatment with doxycycline the rooster was killed and
sections of the testes were imaged for (A) GFP and Apple fluorescence
(B). The host roosters were mated to wildtype hens and newly-laid eggs
were injected with dox and imaged for GFP and Apple fluorescence at
day three of incubation. Scale bars: A = 100 mm, B= 2 mm.
doi:10.1371/journal.pone.0077222.g004
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CEFs treated with dox (88-fold induction). Control (-dox) cells had
no visible Apple expression, demonstrating the tight regulation of
reporter gene expression (Fig. 2B). In addition, Apple positive
(Apple+) CEFs exhibited visibly reduced GFP expression (Fig. 2B).
FACs analysis confirmed that the population of Apple+ cells had a
significantly reduced mean GFP expression (62%) compared with
Apple- cells which we used as a comparative control (Fig. 2C).
To demonstrate that the transposon was functional in ovo, we co-
electroporated PB Tet-On Apple shGFP and piggyBac transposase
into the neural tube of stage 14 HH embryos. Embryos were
incubated for one week to allow for the degradation of non-
integrated plasmid then induced with dox. Similar to our in vitro
observations, Apple fluorescence was only detected in the spinal
cords of embryos treated with dox (Fig. 2D). Transverse sections
of the spinal cords taken from dox-treated embryos identified
Apple+ neurons in the electroporated side of the spinal cord
(Fig. 2D). When visualised at higher magnification it was
apparent that some of the Apple+ neurons also exhibited reduced
GFP expression in comparison to neighbouring neurons (Fig. 2E).
These results confirm that expression from the transposon is tightly
regulated in cell culture and in ovo.
GFP knockdown in cultured primordial germ cells
We next demonstrated that the inducible vectors could be used
to modify the germ cell lineage. Cultured chicken PGCs were co-
transfected with PB Tet-On Apple shGFP and with piggyBac
transposase and selected with puromycin. PGCs were treated with
dox for seven days and observed for fluorescence. We found that
Apple expression was not detectable in control cells but highly
induced (40-fold) after treatment with dox (Fig. 3A). Flow
cytometry revealed a significant reduction in GFP expression
(32%) in Apple+ PGCs, indicating that this system can be used to
knockdown gene expression in PGCs (Fig. 3B). Although PGCs
exhibited high levels of Apple reporter expression, PGCs showed a
markedly weaker knockdown of GFP expression (62% versus 32%)
indicating that knockdown efficiency varies between cell types.
Figure 5. Expression of a constitutively active AKT protein inhibits PGCmigration and leads to extra-gonadal clustering of PGCs. (A)
Western blot and immunofluorescence analysis of PB Tet-On AKT-transfected:GFP+ PGCs treated with dox for 72 hours and assayed with an antibody
to phosphorylated AKT. (B) Schematic representation of the migration assay to analyse the effect of AKT activation. Control PGCs expressing mCherry
(red) were mixed with equal numbers of uninduced GFP+ PB Tet-On AKT PGCs (green) and injected into stage 16HH embryos and treated with dox.
(C) After 72 hrs incubation, the majority of PGCs overexpressing AKT (+dox) failed to migrate to the gonad. (D) Constitutive AKT activation retards
PGC migration at early time points and prevents PGCs from colonising the gonads at later stages, resulting in formation of large clusters of PGCs
extra-gonadally (arrows). Dashed lines indicate the average front of the injected cherry PGCs after 24 h/48 h and at later stages highlight the
developing gonads. Dorsal: top of page. Scale bars: A = 50 mm, C & D= 100 mm. *p,0.05.
doi:10.1371/journal.pone.0077222.g005
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Induction of gene expression in the germ cell lineage in
ovo
Cultured chicken PGCs co-transfected with PB CAG Tet-On
GFP, a Tet-On vector that conditionally expresses GFP, and with
piggyBac transposase. PGCs were selected with puromycin and
proliferated in vitro. These PGCs were then injected into the
developing vasculature of stage 16HH embryos. Dox was
concurrently injected into the yolk directly underneath the
embryo. After 72 hrs incubation, during which period the
endogenous germ cells migrate to and colonise the developing
gonads, we examined the embryos for GFP expression. We
observed that in stage 28HH embryos treated with dox, GFP+ cells
were present in the gonads, validating the vector for inducible
transgene expression in PGCs in ovo. (Fig. 3C).
In similar experiments, we injected cultured male GFP+ chicken
PGCs stably transfected with PB Tet-On Apple shGFP into the
bloodstream of stage 16HH recipient embryos. Injected embryos
were hatched and the males were raised to sexual maturity. The
roosters were treated with dox (see Materials and Methods) for two
weeks, euthanized, and the testes were examined for fluorescence.
We observed large domains of GFP+ cells lining the seminiferous
tubules of the testes, extending from the abluminal surface to the
forming spermatids at the centre of the tubules (Fig. 4A). Apple
fluorescence was visible in a similar domain (Fig. 4A), indicating
that transgene expression was induced in cells undergoing
gametogenesis in the adult bird.
To generate transgenic offspring containing the inducible-
transgene transposon vector, derived from transposon-modified
GFP+ PGCs, we mated similar host roosters with wildtype hens
and screened their offspring for the presence of the vector
(Table S1). Several GFP+ G1 chicks were produced, indicating
that the injected PGCs could form functional sperm. Surprisingly,
no transgenic chicks carrying the integrated vector were hatched.
We analysed G1 embryos for integration of the transposon by PCR
and Southern blot analysis. We found that all embryos carrying
the vector died, by day six of incubation (Table S1 and data
not shown). Transgenic embryos that developed during the first
few days of incubation were analysed and displayed morphological
defects in the extra-embryonic vascular system at day three of
incubation (Fig 4B and Table S1). Southern blot analysis of six
transposon-positive embryos, to identify junctional fragments
between the integrated vector and genomic DNA at the
integration site, indicated that the embryos each contained a
single copy of the vector, each at independent genomic locations
(Fig. S1). Thus, the observed embryonic death was not due to the
specific integration site of the vector.
To demonstrate that the transgene was inducible in G1
embryos, fertile G1 eggs were treated with dox and incubated
for three days. All transgenic embryos expressed the Apple
reporter gene throughout the early embryo (n = 10) (Fig 4B).
We conclude from these experiments that the integrated vector is
functional in G1 embryos and that ubiquitous expression of the TA
protein is likely lethal to early chick embryos.
Constitutive AKT signalling disrupts primordial germ cell
migration
PGC migration depends on correct directional mobilisation of
the cytoskeleton and interactions with the surrounding extracel-
lular substrate [36,37]. The serine/threonine protein kinase AKT
has been shown to play a pivotal role in controlling aspects of cell
migration. To investigate the role of AKT in early chicken germ
cell migration we co-transfected PGCs with PB Tet-On AKT, a
Tet-On vector that drives a constitutively active, myristolated form
of human AKT and piggyBac transposase [26]. Human and
chicken AKT have 98% conservation of amino acids (data not
shown), so conservation of function is predicted. The transfected
cells were selected with puromycin, induced with dox and assayed
by western blot analysis and immunofluorescence (Fig. 5A). A
strong band of the correct molecular weight was detected in the
dox-treated PGCs and immunofluorescence reactivity at the
plasma membrane. To investigate whether activation of the
AKT pathway has an effect on cell migration we designed a PGC
migration assay (Fig. 5B). Equal numbers of AKT stably-
transfected GFP+ PGCs and control PGCs, transfected with a
PB vector for constitutive expression of Cherry fluorescent protein,
were injected into stage 16HH embryos. Embryos were treated
with dox to induce expression of constitutively-active AKT, and
the locations of GFP+ and Cherry+ cells measured after 72 hours,
to assess migration efficiency. GFP+ cells were significantly delayed
in migration to the gonad in comparison to Cherry+ cells (Fig. 5C).
We next assayed migration at earlier and later timepoints. GFP+
cells were visibly retarded in migration compared to Cherry+ cells
after both 24 and 48 hours (Fig. 5D). Notably, one week after
injection the PGCs had formed large clusters in dox injected
embryos and did not reach the gonad (Fig. 5D). These results
demonstrate that AKT signalling can effect PGC migration to the
forming gonad.
Discussion
Transposable vectors systems that can conditionally alter gene
expression in vivo are a valuable tool for research in many
biological areas including induced pluripotency, immune response,
cancer cell growth and cell migration [17–21]. Single vector
inducible transgene transposons offer advantages over existing
transposon systems currently used in the chicken embryo [38,39],
as only a single vector integration is required to deliver the
inducible transgene system. Conditional expression systems are
also ideal for regulated expression of proteins that can be toxic to
cells after chronic expression, such as the AKT molecule used in
this study.
Transgenic chickens have proven to be invaluable models for
biological, agricultural, and medical research [40–42]. The use of
cultured PGCs and transgenesis using transposon vectors, as a
route to production of transgenic chickens, is a valuable tool for
such applications [16,22,43,44]. The single vector transposon used
here is a novel advance over previous inducible transposon vectors
and the generation of conditional knockdown birds will be useful
for the study of disease resistance and developmental processes.
This approach could be applied to mammalian and zebrafish
models. The presence of the integrated vector unexpectedly
proved toxic to early chicken embryos. This toxicity is not due to
either the integration site or integration of multiple copies of the
vector so we deduce that it is a result of ubiquitous expression of
the TA protein in early embryos. This result was not predicted
since a similar construct driven by the CAG promoter in mice had
no adverse effects on development [4]. However, CAG driving TA
protein has been noted to be toxic in other mouse transgenic
models [45,46]. This suggests that constructs used in mouse
transgenesis cannot be simply transferred to avian models. A
possible solution will be to replace the ubiquitous CAG promoter
in the vector with lineage-specific promoters to limit the expression
domain of the TA protein.
PGC migration in vertebrates involves recognition of a
chemoattractant gradient and active cell migration [36,37].
Signalling of the chemokine SDF-1 through the CXCR4 receptor
leads to directed changes in cell motility and cell adhesion to
A PiggyBac Vector Inducible Expression System
PLOS ONE | www.plosone.org 7 November 2013 | Volume 8 | Issue 11 | e77222
neighbouring germ cells and the extracellular matrix [47,48]. This
is accompanied by directed remodelling of the actin cytoskeleton,
with membrane blebbing and pseudopodia extension [49]. The
growth factor, stem cell factor (SCF), mediates PGC survival and
was also shown to be a chemokine involved in mouse PGC
migration [50]. SCF binds to the c-kit receptor and signals through
PI3Kinase to phosphorylate many downstream effectors, key
amongst these being serine/threonine kinase AKT. In mouse,
SCF has been shown to be important for the continued motility of
PGCs during migration but not their direction of migration [51].
In mice mutant for PTEN, an inhibitor of PI3Kinase and AKT
signalling, migratory germ cells showed an increase in AKT
phosphorylation and many germ cells were delayed along their
normal pathway of migration [52].
In zebrafish, signalling through PI3Kinase is also required for
maintaining the mobility and speed of migration but not the
direction of PGC migration [53]. In these cells, AKT is not
localised to the leading edge of the migrating cells, indicating that
it is not involved in the direction of migration. In chicken PGCs,
inhibition of PI3Kinase using LY400032 leads to cessation of
proliferation in cultured chicken PGCs, but its role in germ cell
migration has not been investigated [23,54]. Our current data
suggests that the level of AKT signalling may be important for
maintaining PGC migration but not the direction of migration.
Supporting Information
Figure S1 Southern blot analysis of G1 embryos from
PB Tet-On Apple shGFP transduced PGCs. Genomic DNA
samples were digested with MfeI and hybridized with a probe for
TA. Analysis of six G1 embryos revealed single independent
transposon integrations.
(TIF)
Table S1 PCR analysis of hatched chicks and embryos.
Genomic DNA from hatched chicks and developed day 18
embryos was analysed by PCR for the presence of the PB Tet-
On Apple shGFP transgene and the GFP transgene.
(DOCX)
Acknowledgments
We thank the members of the transgenic chicken facility (M. Hutchison, R.
Mitchell, and F. Thomson) for care and breeding of the chickens. Thanks
to Ruchi Sharma for providing mouse ES cells and Tohru Kimura for the
AKT construct.
Author Contributions
Conceived and designed the experiments: JDG LT CZ-P AS HMS MJM.
Performed the experiments: JDG LT CZ-P AS MJM. Analyzed the data:
JDG LT CZ-P AS HMS MJM. Wrote the paper: JDG LT AS HMS MJM.
References
1. Lewandoski M (2001) Conditional control of gene expression in the mouse. Nat
Rev Genet 2: 743–755.
2. Gossen M, Bujard H (2002) Studying gene function in eukaryotes by conditional
gene inactivation. Annu Rev Genet 36: 153–173.
3. Gossen M, Bujard H (1992) Tight control of gene expression in mammalian cells
by tetracycline-responsive promoters. Proc Natl Acad Sci U S A 89: 5547–5551.
4. Premsrirut PK, Dow LE, Kim SY, Camiolo M, Malone CD, et al. (2011) A
rapid and scalable system for studying gene function in mice using conditional
RNA interference. Cell 145: 145–158.
5. Stegmeier F, Hu G, Rickles RJ, Hannon GJ, Elledge SJ (2005) A lentiviral
microRNA-based system for single-copy polymerase II-regulated RNA interfer-
ence in mammalian cells. Proc Natl Acad Sci U S A 102: 13212–13217.
6. Kappel S, Matthess Y, Kaufmann M, Strebhardt K (2007) Silencing of
mammalian genes by tetracycline-inducible shRNA expression. Nat Protoc 2:
3257–3269.
7. Szulc J, Wiznerowicz M, Sauvain MO, Trono D, Aebischer P (2006) A versatile
tool for conditional gene expression and knockdown. Nat Methods 3: 109–116.
8. Dickins RA, McJunkin K, Hernando E, Premsrirut PK, Krizhanovsky V, et al.
(2007) Tissue-specific and reversible RNA interference in transgenic mice. Nat
Genet 39: 914–921.
9. McJunkin K, Mazurek A, Premsrirut PK, Zuber J, Dow LE, et al. (2011)
Reversible suppression of an essential gene in adult mice using transgenic RNA
interference. Proc Natl Acad Sci U S A 108: 7113–7118.
10. Shin KJ, Wall EA, Zavzavadjian JR, Santat LA, Liu J, et al. (2006) A single
lentiviral vector platform for microRNA-based conditional RNA interference
and coordinated transgene expression. Proc Natl Acad Sci U S A 103: 13759–
13764.
11. Ko JK, Choi KH, Zhao X, Komazaki S, Pan Z, et al. (2011) A versatile single-
plasmid system for tissue-specific and inducible control of gene expression in
transgenic mice. FASEB J 25: 2638–2649.
12. Ding S, Wu X, Li G, Han M, Zhuang Y, et al. (2005) Efficient Transposition of
the piggyBac (PB) Transposon in Mammalian Cells and Mice. Cell 122: 473–
483.
13. Lu Y, Lin C, Wang X (2009) PiggyBac transgenic strategies in the developing
chicken spinal cord. Nucleic Acids Research 37: e141.
14. Wilson MH, Coates CJ, George AL Jr (2007) PiggyBac transposon-mediated
gene transfer in human cells. Mol Ther 15: 139–145.
15. Jang CW, Behringer RR (2007) Transposon-mediated transgenesis in rats. CSH
Protoc 2007: pdb prot4866.
16. Macdonald J, Taylor L, Sherman A, Kawakami K, Takahashi Y, et al. (2012)
Efficient genetic modification and germ-line transmission of primordial germ
cells using piggyBac and Tol2 transposons. Proc Natl Acad Sci U S A 109:
E1466–1472.
17. Li Z, Michael IP, Zhou D, Nagy A, Rini JM (2013) Simple piggyBac transposon-
based mammalian cell expression system for inducible protein production. Proc
Natl Acad Sci U S A 110: 5004–5009.
18. Saridey SK, Liu L, Doherty JE, Kaja A, Galvan DL, et al. (2009) PiggyBac
transposon-based inducible gene expression in vivo after somatic cell gene
transfer. Mol Ther 17: 2115–2120.
19. Tsukiyama T, Asano R, Kawaguchi T, Kim N, Yamada M, et al. (2011) Simple
and efficient method for generation of induced pluripotent stem cells using
piggyBac transposition of doxycycline-inducible factors and an EOS reporter
system. Genes Cells 16: 815–825.
20. Cadinanos J, Bradley A (2007) Generation of an inducible and optimized
piggyBac transposon system. Nucleic Acids Res 35: e87.
21. Wang W, Yang J, Liu H, Lu D, Chen X, et al. (2011) Rapid and efficient
reprogramming of somatic cells to induced pluripotent stem cells by retinoic acid
receptor gamma and liver receptor homolog 1. Proc Natl Acad Sci U S A 108:
18283–18288.
22. van de Lavoir MC, Diamond JH, Leighton PA, Mather-Love C, Heyer BS, et al.
(2006) Germline transmission of genetically modified primordial germ cells.
Nature 441: 766–769.
23. Macdonald J, Glover JD, Taylor L, Sang HM, McGrew MJ (2010)
Characterisation and Germline Transmission of Cultured Avian Primordial
Germ Cells. Plos One 5.
24. Das RM, Van Hateren NJ, Howell GR, Farrell ER, Bangs FK, et al. (2006) A
robust system for RNA interference in the chicken using a modified microRNA
operon. Dev Biol 294: 554–563.
25. Shaner NC, Lin MZ, McKeown MR, Steinbach PA, Hazelwood KL, et al.
(2008) Improving the photostability of bright monomeric orange and red
fluorescent proteins. Nat Methods 5: 545–551.
26. Kimura T, Tomooka M, Yamano N, Murayama K, Matoba S, et al. (2008)
AKT signaling promotes derivation of embryonic germ cells from primordial
germ cells. Development 135: 869–879.
27. Shaner NC, Campbell RE, Steinbach PA, Giepmans BN, Palmer AE, et al.
(2004) Improved monomeric red, orange and yellow fluorescent proteins derived
from Discosoma sp. red fluorescent protein. Nat Biotechnol 22: 1567–1572.
28. McGrew MJ, Sherman A, Lillico SG, Ellard FM, Radcliffe PA, et al. (2008)
Localised axial progenitor cell populations in the avian tail bud are not
committed to a posterior Hox identity. Development 135: 2289–2299.
29. Wang W, Lin C, Lu D, Ning Z, Cox T, et al. (2008) Chromosomal transposition
of PiggyBac in mouse embryonic stem cells. Proc Natl Acad Sci U S A 105:
9290–9295.
30. Hamburger V, Hamilton HL (1992) A series of normal stages in the
development of the chick embryo. 1951. Dev Dyn 195: 231–272.
31. Perry MM (1988) A complete culture system for the chick embryo. Nature 331:
70–72.
32. Sherman A, Dawson A, Mather C, Gilhooley H, Li Y, et al. (1998)
Transposition of the Drosophila element mariner into the chicken germ line.
Nat Biotechnol 16: 1050–1053.
33. McGrew MJ, Sherman A, Ellard FM, Lillico SG, Gilhooley HJ, et al. (2004)
Efficient production of germline transgenic chickens using lentiviral vectors.
EMBO Rep 5: 728–733.
A PiggyBac Vector Inducible Expression System
PLOS ONE | www.plosone.org 8 November 2013 | Volume 8 | Issue 11 | e77222
34. Niwa H, Yamamura K, Miyazaki J (1991) Efficient selection for high-expression
transfectants with a novel eukaryotic vector. Gene 108: 193–199.
35. Das AT, Zhou X, Vink M, Klaver B, Verhoef K, et al. (2004) Viral evolution as
a tool to improve the tetracycline-regulated gene expression system. J Biol Chem
279: 18776–18782.
36. Molyneaux K, Wylie C (2004) Primordial germ cell migration. Int J Dev Biol 48:
537–544.
37. Raz E (2004) Guidance of primordial germ cell migration. Curr Opin Cell Biol
16: 169–173.
38. Takahashi Y, Watanabe T, Nakagawa S, Kawakami K, Sato Y (2008)
Transposon-mediated stable integration and tetracycline-inducible expression
of electroporated transgenes in chicken embryos. Methods Cell Biol 87: 271–
280.
39. Serralbo O, Picard CA, Marcelle C (2013) Long-term, inducible gene loss-of-
function in the chicken embryo. Genesis 51: 372–380.
40. Lillico SG, McGrew MJ, Sherman A, Sang HM (2005) Transgenic chickens as
bioreactors for protein-based drugs. Drug Discov Today 10: 191–196.
41. Wick G, Andersson L, Hala K, Gershwin ME, Selmi C, et al. (2006) Avian
models with spontaneous autoimmune diseases. Adv Immunol 92: 71–117.
42. Hunter CV, Tiley LS, Sang HM (2005) Developments in transgenic technology:
applications for medicine. Trends Mol Med 11: 293–298.
43. Glover JD, McGrew MJ (2012) Primordial Germ Cell Technologies for Avian
Germplasm Cryopreservation and Investigating Germ Cell Development.
Journal of Poultry Science 49: 155–162.
44. Park TS, Han JY (2012) piggyBac transposition into primordial germ cells is an
efficient tool for transgenesis in chickens. Proc Natl Acad Sci U S A 109: 9337–
9341.
45. Sisson TH, Hansen JM, Shah M, Hanson KE, Du M, et al. (2006) Expression of
the reverse tetracycline-transactivator gene causes emphysema-like changes in
mice. Am J Respir Cell Mol Biol 34: 552–560.
46. Morimoto M, Kopan R (2009) rtTA toxicity limits the usefulness of the SP-C-
rtTA transgenic mouse. Dev Biol 325: 171–178.
47. Molyneaux KA, Zinszner H, Kunwar PS, Schaible K, Stebler J, et al. (2003)
The chemokine SDF1/CXCL12 and its receptor CXCR4 regulate mouse germ
cell migration and survival. Development 130: 4279–4286.
48. Doitsidou M, Reichman-Fried M, Stebler J, Koprunner M, Dorries J, et al.
(2002) Guidance of primordial germ cell migration by the chemokine SDF-1.
Cell 111: 647–659.
49. Blaser H, Reichman-Fried M, Castanon I, Dumstrei K, Marlow FL, et al. (2006)
Migration of zebrafish primordial germ cells: a role for myosin contraction and
cytoplasmic flow. Dev Cell 11: 613–627.
50. Farini D, La Sala G, Tedesco M, De Felici M (2007) Chemoattractant action
and molecular signaling pathways of Kit ligand on mouse primordial germ cells.
Dev Biol 306: 572–583.
51. Gu Y, Runyan C, Shoemaker A, Surani MA, Wylie C (2011) Membrane-bound
steel factor maintains a high local concentration for mouse primordial germ cell
motility, and defines the region of their migration. Plos One 6: e25984.
52. Kimura T, Suzuki A, Fujita Y, Yomogida K, Lomeli H, et al. (2003) Conditional
loss of PTEN leads to testicular teratoma and enhances embryonic germ cell
production. Development 130: 1691–1700.
53. Dumstrei K, Mennecke R, Raz E (2004) Signaling pathways controlling
primordial germ cell migration in zebrafish. J Cell Sci 117: 4787–4795.
54. Choi JW, Kim S, Kim TM, Kim YM, Seo HW, et al. (2010) Basic Fibroblast
Growth Factor Activates MEK/ERK Cell Signaling Pathway and Stimulates the
Proliferation of Chicken Primordial Germ Cells. Plos One 5.
A PiggyBac Vector Inducible Expression System
PLOS ONE | www.plosone.org 9 November 2013 | Volume 8 | Issue 11 | e77222
